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Short-range wetting at liquid gallium-bismuth alloy surfaces:
X-ray measurements and square-gradient theory
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We present an x-ray reflectivity study of wetting at the free surface of the binary liquid metal alloy gallium-
bismuth (Ga-Bi) in the region where the bulk phase separates into Bi-rich and Ga-rich liquid phases. The
measurements reveal the evolution of the microscopic structure of the wetting films of the Bi-rich, low-surface-
tension phase along several paths in the bulk phase diagram. The wetting of the Ga-rich bulk’s surface by a
Bi-rich wetting film, the thickness of which is limited by gravity to only 50 A, creates a Ga-rich/Bi-rich
liquid/liquid interface close enough to the free surface to allow its detailed study by x rays. The structure of the
interface is determined with Angstroresolution, which allows the application of a mean-field square gradient
model extended by the inclusion of capillary waves as the dominant thermal fluctuations. The sole free
parameter of the gradient model, the influence parametéhat characterizes the influence of concentration
gradients on the interfacial excess energy, is determined from our measurements. This, in turn, allows a
calculation of the liquid/liquid interfacial tension, and a separation of the intrinsic and capillary wave contri-
butions to the interfacial structure. In spite of expected deviations from MF behavior, based on the upper
critical dimensionality ([=3) of the bulk, we find that the capillary wave excitations only marginally affect
the short-rangeompletewetting behavior. Acritical wetting transition that is sensitive to thermal fluctuations
appears to be absent in this binary liquid-metal alloy.
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[. INTRODUCTION One of the seminal theoretical studiesn the wetting
transition gave a detailed microscopic view of this phenom-
The concept of a wetting transition that was introducedenon. By contrast, experimental results of comparable detail
independently by Calrand Ebner and Sagnin 1977 has were only recently obtained through application of x-ray and
stimulated a substantial amount of theoretical and experineutron reflection and diffraction techniqu&s® Moreover,
mental work’~’ Due to its critical character it is not only almost all of these experimental studies dealt with organic
important for a huge variety of technological processes ranglquids, e.g., methanol-cyclohexane, which are dominated by
ing from alloying to the flow of liquids, but has been proven long-range van der Waals interactionhe principal excep-
to be an extraordinarily versatile and universal physical contions to this are the studies of the binary metallic systems
cept, which can be used to probe fundamental predictions afallium-lead (Ga-Pb ,'* gallium-thallium (Ga-T),*? and
statistical physics. In particular, in the present case of wettingjallium-bismuth(Ga-Bi),** for which the dominant interac-
dominated by short-range interactiof®@RW) it can be used, tions are short-range.
in principle, to probe the breakdown of mean-field behavior We present here an x-ray reflectivity study of wetting be-
and the onset of the renormalization group regime, where thkavior that occurs at the free surface of the binary metallic
wetting is significantly affected by thermal fluctuations. In liquid Ga-Bi alloy at regions of the phase diagram where the
binary liquids having long-range interactions, e.g., van debulk demixes into two liquid phases, a Bi-rich one and a
Waals, which have been extensively studiedis is possible  Ga-rich one. The fact that the wetting film's thickness is
only near criticality, where the effects of wetting and criti- limited by gravity to 50 A allows measurements of the com-
cality are intermixed and very difficult to separate. positional profile of the wetting film at Angsto length
A wetting transition occurs for two fluid phases in or nearscales. Moreover, the Ga-rich/Bi-rich liquid/liquitdl) inter-
equilibrium in contact with a third inert phase, e.g., the con-face created just 50 A below the free surface is also acces-
tainer wall or the liquid-vapor interface. On approaching thesible to x-ray measurements. The structure of the film has
critical point of coexistence the fluid phase that is energetibeen obtained as it evolves towards the saturation thickness
cally favored at the interface forms a wetting film that in- determined by gravity. Combining this structural information
trudes between the inert phase and the other fluid phase. Bnd the bulk thermodynamics of the system, detailed infor-
general, this surface phenomenon is a delicate function ahation on the dominant interaction parameters governing the
both the macroscopic thermodynamics of the bulk phasesurface phenomenology have been extracted. We find that a
and the microscopic interactions. square gradient theoycombined with the effects of ther-
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I, whereT<T,,, solid Bi coexists with a Ga-rich liquid. At
Twu, the boundary between region | and region Il, a first
order Bi melting transition occurs. Fary,<T<T. (region

II), the bulk separates into two immiscible phases, a high
density Bi-rich liquid and a low density Ga-rich liquid, over

a range of concentrations c. The heavier Bi-rich phase is
macroscopically separated from the lighter Ga-rich phase by
gravity. In region Ill, outside of the miscibility gap, a homo-
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ool I %A Following the observation of PerepeZRothat Bi-
L L L s . - containing Ga-rich droplets are coated upon cooling by a
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Bi-rich solid phase, Nattlandt al*® studied the liquid-vapor
interface in region Il using ellipsometry. They found that a
FIG. 1. The measure(Ref. 14 (open circles and solid squaes thin Bi—rich.film in_trudes between the vapor and the Ga-rich
bulk (c,T) phase diagram of Ga-Bi, wheris the atomic mole subphase '_n def_'anqe of gr{?lvfﬂ/,as shown by the layer
fraction of Ga, andT is the temperature. Solid lines show phase Marked E inset in Fig. 1. This was a clear example of the
boundaries calculated from thermodynamical ddef. 15.  Critical point wetting in binary systems that was described by
Dashed lines show the metastable extension oflfhecoexistence Cahn> On approaching point C, the Bi-rich phase becomes
line belowT,,. The points indicated are the C, bulk critical point; energetically favored at the free surface and consequently
M, the monotectic point, and the A, B, D, and E points on theforms the wetting film that intrudes between the Ga-rich sub-
experimental path. Points B* and E* have the same T as points phase and the surface. In fact the situation is slightly more
and E, but reside on the low-rather than the higls-side of the ~ complicated since x-ray studies indicate that throughout re-
coexistence boundary. The inset illustrates the surface and bulgion Il the free surface is coated by a monolayer of pure
phases. Roman numerals indicate regions discussed in the text. Bi.? More recently we have shown by x-ray measurentents
region Il the wetting film’s thicknesd~50 A and the Ga-rich fluid  that a thick wetting layer of Bi-rich liquid forms between the
is h=~5 mm thick. The solid circles in the inset symbolize the Bj monolayer and the bulk Ga-rich liquid upon heating from
Gibbs-adsorbed Bi-monolayer existing at the surface of the samplgg|ow Tum. This appears to be an unusual example of com-
at all temperatures. plete wetting that is pinned to the monotectic temperature
Ty - This phenomenon was first discussed by Dietrich and
mally excited surface capillary wavEs'®provides a reason-  Schick in order to explain an analogous finding in the binary
able description of that interface. In fact, we are able to demetallic alloy Ga-PB1?2The nature of this apparent coinci-
termine the value of the sole free parameter of that modeldence of a surface wetting transition with a first order bulk
the influence parameter. This parameter measures the in- transition atT\, can be understood most easily by transform-
fluence of compositional gradients on the interfacial excesghg the (c,T)-diagram in Fig. 1 to the appropriate chemical
energy. This, in turn, allows a distinction to be made betweefpotential—temperature,z(, T)-diagram, shown in Fig. (2).
the intrinsic (mean field and fluctuation(capillary waves  The axes are temperatur€, the difference fig—pga) Of
contributions to the interfacial structure. On the basis of thighe chemical potentials of the two components, and their sum
distinction the influence of fluctuations on the observed SRW ugi+ uga). In this plot, the(l/l)-miscibility gap of Fig. 1,
at the free surface. which, strictly speaking, is a liquid/liquid/vapdl/v) coex-
The paper is structured as follows: In the first section, westence boundary, transforms intal&/v)-triple line extend-
introduce the bulk phase diagram of Ga-Bi and relate it§ng from M to C (solid circles. At M this triple line inter-
topology to the wetting transitions observable at the free sursects another triple line, the solid/liquid/vapds/Iiv)
face of this binary alloy. X-ray reflectivity measurements oncoexistence lingsolid squares rendering M atetra point
the wetting films along different paths in the bulk phase dia-where four phase coexfsta solid Bi, a Ga-rich liquid, a
gram are discussed in the second section. The third sectiaa-poor liquid, and the vapor.
focuses on the thermodynamics and structure of the liquid- The thermodynamics by which the surface transition at M
liquid interface. In this section we develop a square gradienis pinned by the bulk phase transition is obvious if one con-
theory in order to model the concentration profile at thesiders the topology of thew(,T) plot in the proximity of M.
liquid/liquid interface. The last section provides a more gen-The wetting of the free surface by the Bi-rich phase as well
eral overview of the wetting phenomenology at the free suras the bulk transition are driven by the excess free energy,
face of this binary liquid metal. Apy, of the Bi-rich phase over that of the Ga-rich liquid
phase’ This quantity is proportional to the distance between
the (I/l/v)-triple line and any other line leading off/l/v)
coexistence, e.g., thes/l/v) triple line (A—M) or the line
The bulk phase diagram of Ga-Bfig. 1) was measured B—D. The wetting thermodynamics is displayed in a
by Predel using differential calorimett§.It is dominated by  slightly simpler way by the plot oA u,, vs T in Fig. 2(b). In
a miscibility gap with a consolute point ritical tempera-  this figure, atT>T,,, the (I/l/v) coexistence line transforms
ture Tc=262.8C, critical atomic fraction of Ga,C; into a horizontal straight line that extends from M to C. For
=0.7) and a monotectic temperatuiig, =222°C. Inregion  T<T,, the horizontal dashed line indicates the metastable

c (at. fraction of Ga)

II. BULK AND SURFACE THERMODYNAMICS
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(IN/v) extension of the coexistence. This extension line lies
above the solid-Bi/Ga-rich/vapds/I/v) coexistence line that
goes from M to A. This illustrates the observation by Di-
etrich and Schick that the path A-M leads to coexistence,

/ and thus complete wetting is dictated by the topology of the
- phase diagram.

/ / A more quantitative description of the surface wetting
phenomena can be developed by considering the grand ca-
nonical potential Q)5 per unit area A of the surfateQg/A
=dAu+y,e ¥ Here,dis the wetting film thickness; is
the decay length of a short-range, exponentially decaying
surface potentialy, is its amplitude andA is an arbitrary
surface area. The quantityu includes all the energies that
are responsible for a shift off true bulldl/v) coexistence,
e.g., the aforementioned quantiy.,,. The formation of the
heavier Bi-rich wetting layer at some height, above its
bulk reservoir costs an extra gravitational energy.
=gApnh whereAp,, is the mass density difference between
the two phases. Minimization dR g with respect tod then
yields the equilibrium wetting film thickness of the Bi-rich
phased= &In(yy/Aw). In fact the gravitational energy is only
significant in comparison with the other terms for very small
valuesA u,. For most of the data shown in Fig. 2 the gravi-
tational term can be neglected, resulting A =Au,,.
Thus, upon approaching M from A one expects a logarithmic
increase in the wetting film thickness that is given dy
=¢&In(yo/Apym). This is in agreement with the experimental
findings presented in our recent Leffershown also in the
inset to Fig. 2b) . The slight deviations at small values of
Au,, as well as the saturation value @f-50 A when fol-
lowing the path M- B along the coexistence line, are due to
4 the gravitational term. Since this path along thiv) coex-

i () A istence line ends in M with its four phase coexistence, the
200 210 20 230 240 250 260 270 phenomenon is properly describedtaga point wetting As
T¢0) we demonstrate below, the occurrence of this complete wet-
ting phenomenon at the surface is an intrinsic feature of the
bulk phase diagram.
In this paper we present x-ray reflectivity measurements
FIG. 2. (a) The chemical potential i)-temperature(T) bulk  that show the evolution of the wetting film on approaching
phase diagram of Ga-Bi. The axes are temperafyrie difference  coexistence from point D in regime Ill. This path probes
(mgi— mga) Of the chemical potentials of the two components, andcomplete wetting along an arbitrary, off-coexistence path, B
their sum g+ uga). The solid symbols denote the following co- —D in Figs. 1a), 2(a), and 2b), that is not dictated by the
existence lines®, liquid/liquid/vapor (I/l/v) triple line; B, solid/ intrinsic topology of the bulk phase diagram. Rather, it is
liquid/vapor (s/l/iv) triple line; A, metastable extension of the determined by the experimenter’s choice of the total amounts
liquid/liquid/vapor (I//v) triple line belowTy ; andO, experimen-  of Ga and Bi in the sample, i.e. the nominal Ga concentration
tal path B—D probing complete wetting. The points are C, the bU|kcnom- The evolution of the wetting film's structure along an

critical point of demixing; M, the monotectic point, and the A, B, D, on<l/liv) coexistence path-B E was also studied and is pre-
and E points on the experimental path. All these points are CONzanted below

tained within a common liquid/vapdt/v) coexistence sheet that is

represented by a gray shaded plane in order to illustrate the three-

dimensional structure of the phase diagram. The region to the lower

right is the liquid/vapor coexistence, while the region to the left is l. EXPERIMENT

the liquid/liquid coexistence(b) The (Auy,,T) phase diagram: A. Sample preparation and sample environment
(A—M) and (M—-C) are the(s/l/v) and (I/l/v) coexistence lines, re-

spectively. The path B-D is in the single phase region Ill of Fig. 1, 1he Ga-Bi alloy was prepared in an inert-gas glove box
and M and C are the monotectic and critical points. Inset: effectiveSiNg=>99.9999% pure metals. A solid Bi pellet was covered
wetting layer thicknessl on paths A-M (squares and B—D by an amount of liquid Ga required for a nominal concentra-
(open circles The solid line is a fit of the theoretical line discussed tion Com=88 at% Ga. It was then transferred in air into an
in the text to the measured-AM d values.(c) The measureadl ~ ultrahigh vacuum chamber. A 24-hour bakeout period
values along the experimental path. yielded a pressure of 16° torr. The residual surface oxide

temperatue (°C)
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(a) isolation stagé® which, as revealed by the x-ray reflectivity
measurements, effectively eliminated vibrational pickup.
B. X-ray reflectivity
®) X-ray reflectivity measurements were carried out using
. the liquid surface reflectometer at beamline X22B at Na-
- mounting tional Synchrotron Light Source with an x-ray wavelength
o) ceramic heater A=1.54 A. Background and bulk scattering were measured
= thermo- I copper shield by displacing the detector out of the reflection plane by 0.3°,
Tés couple bervili and subtracting the measured value from that measured in
5 e the reflection plane. The scattering geometry within the re-
8 window _ P scal g geometry v
= Wissemiig flection plane is shown in _Flg.(a). The |nten3|tyR(_qZ),
© reflected from the surface, is measured as a function of the
£ Tio yldenim normal component of the momentum transfeg,
3 S =(4m/\)sin(w), and yields information on the surface-
copper plate normal structure of the electron densitfz) through the
couple ceramic heater formula2®
FIG. 3. (a) The scattering geometryb) Sketch of the experi- R(q,) 1 d(p(2)) . 2
mental setup. The arrow close to the mounting indicates the variable = J ——e'97dz 1)
position of the thermal shield relative to the sample surface. Re(a2) psup  dZ

where the angle brackets denote an average over the surface-

on the liquid's surface was removed by sputtering with Ar parallel coherence area determined by the instrumental reso-

ions. Using thermocouple sensors and an active temperatu fion and the _afcomic siz 27 The symbolR. denotes the

. . . resnel reflectivity from an ideally flat and abrupt surface
control on both sample pan and its adjacent thermal shield ﬁaving the electron density of the Ga-rich liquid. The stan-
temperature stability and uniformity of-0.05° C was éj '

achieved. Schematics of the x-ray reflectivity geometry an ard procedure for determining the electron density profile
' ) z) from the measured reflectivit is to construct a
the sample cell are shown in FigdaBand 3b). p(2) R(d)

) , o simple and physically meaningful mathematical model for
The high surface tension of liquid metals, e.g., o(2), use Eq.(1) to calculate the correspondirR(q,), and
~700 mN/m for pure Ga, presents a challenge for x-ray refjt j; 1o the experimentaR(q,), thus obtaining the parameter
flectivity measurements. To begin with, it leads to a curva-g|yes determining(z).2"2
ture of the liquid surface which hampers x-ray reflectivity ¢ modelp(z), we employ a three-box mod&lyhere the
measuremen@. It also ConSiderably reduces the Wettablllty upper box represents the Gibbs-adsorbed Bi mono]ayer, the
of non-reacting substrates by the liquid metal. Remnant oXsecond box represents the Bi-rich wetting film and the lower
ide layers at the liquid/substrate interface further reduce thgox represents the bulk liquid. Each box is represented by a
wettability. We removed these oxide layers from the Mop snormalized density and a width. The quantjty,, de-
sample pan by sputtering with Arions, at a sputter current notes the electron density of the Ga-rich subphase. In the
of 25 mA and a sputter voltage of 2 kV. This resulted in thesimplest approximation the electron density profiles of the
wetting of the Mo crucible by the liquid metal, which yielded interfaces between the different phases are described analyti-
a rather small curvature for the free surface as judged by eyeally by three error-functionserf) for the three interfaces:
and by x-ray reflectivity measurements. The resulting flatvapor/Bi monolayer, Bi monolayer/Bi rich film, Bi rich
surfaces facilitated the accumulation of reliable x-ray reflec{ilm/Ga rich bulk.
tivity data sets, particularly for small incident angles, The first two interfaces describing the monolayer feature
where the x-ray beam’s footprint on the surface is largewere kept fixed in the fits of the data having the Bi-rich
Nevertheless, the wetting of the edges of the Mo crucible bywvetting film at the surface. Only the roughness of the wetting
the liquid alloy promoted some spilling of the liquid when film/bulk interface,o s, Was varied upon changing The
the experimental cell was moved during the reflectivity scanmodel also included size parameters that describe the thick-
This problem was solved by installing a cerantldacor) ness of the two upper boxes. The box that describes the bulk
ring that surrounded the sample pan. Since ceramics are nstibphase extends to infinity. During the fitting the thickness
wet by the liquid metal, sample spilling during movementsof the monolayer box was kept constant while the thickness
was thus prevented. of the Bi-rich film was allowed to vary.

Another experimental challenge is related to x-ray reflec- The use of Eq(1) tacitly assumes the validity of the Born
tivity measurements from liquids in general. The surface of aapproximation, where multi-scattering effects can be
liquid is sensitive to vibrations and acoustic noise pickupneglected® This assumption holds true for wave vectogs
from the environment. This, in turn, roughens the surface=4q,~0.2 A~, where q.~0.05A"! is the critical
The resultant great reduction in the reflected signal preventwavevector of the Ga-rich subphase. Here, however, we will
the attainment of atomic-scale resolution. Thus, our ultrabe interested in 30-60 A thick wetting films, which yield
highvacuum chamber was mounted on an active vibratiomomentum-space featuresggt=0.05—0.1 A~ . Therefore,
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FIG. 4. An illustration of how a continuous, analytic electron
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we use forg,>=0.2 A~1 a fitting algorithm based on Eq.
(1), whereas we employ a fitting procedure relying on the
recursive, more computational intensive Parratt formafism 1

for q,<=0.2 A~ and thus forqg, close toq;. In this for- g\_\‘\ ey J

malism, one employs a>22 matrix that relates the ampli- ' l J {is

tudes and phases for the incoming and outgoing waves on L\ i }_B-l
: B

R/Ry

242.0

both sides of a slab of arbitrary dielectric constiror the L By o
present problem we approximate the above mentioned three- 00 02 04 06 08 0 20 4£ 60 80
box profile by a large number of thinner slabs of equal width, . (&7) z |

the densities(heights of which are chosen to follow the
envelope of the analytic profile, as shown in Fig. 4. Typically
the number of slabs was of the order of 300.

FIG. 5. (a) Fresnel-normalized reflectivitieR/Rg at points D
and B, corresponding t&p=255.0° C andTg=240.4° C. Curves
are shifted vertically for clarity. The dashed lines indic&ERg
=1. The error bars are smaller than the size of the symifb)s.
IV. STRUCTURE OF THE WETTING FILM T-dependent Fresnel-normalized reflectiviti®& R on path D
—B, approaching(l/l) coexistence, along with their model fits.
Dashed lines indicateR/Rg=1. (c) Electron density profiles
This path, in region 11, and in particular its end point B, p/pg,, corresponding to the model fits ifib). All regions with
are determined solely by the overall atomic fraction of Ga inp/ps,>1 (gray shadingindicate enrichment by Bi relative to the
the sample parg,,,=88%. This nominal composition was Bi concentration of the Ga-rich subphase.
chosen so that the intersection point B is far from the critical
point C, where the electron density contrast between the Ga=0.8 A~1. The corresponding electron density profilz),
rich and the Bi-rich liquid phases vanishes, but at the samebtained from the fit, indicates a thin, inhomogeneous film of
time a long path on thé/l/v) coexistence boundary is still an increased electron densigompared tgpg,) close to the
possible before reaching point M. The intersection point Bsurface as well as a sharp, narrow density peak right at the
(see Figs. 1 and)2is at Tg=240.4° C, below which the surface. This profile is consistent with the expected segre-
homogeneous bulk liquid phase separates into the heavier gated monolayer of pure Bi at the surface, separated from the
rich liquid, which settles to the bottom of the pan and thebulk by a thin wetting layer of a Bi-rich phase. As the tem-
lighter Ga rich liquid, which stays on top. perature is decreased towards B, the lpwpeak shifts
X-ray reflectivity R(q,) was measured at selected tem- gradually to loweig, values and its width decreases, indicat-
peratures on path-BB. To accommodate slow atomic dif- ing that the wetting layer grows continuously in thickness
fusion processe¥3*small temperature steps of 0.5 °C were upon approachindg. This is in agreement with a thermo-
taken, and equilibration was monitored by taking repeatediynamic path probing complete wetting;u,,—0 on path
reflectivity scans at each T. Typically, the measured reflecb— B.
tivity fluctuated wildly for a couple of hours, after which it~ Our experimental data clearly indicate that the film struc-
slowly evolved to a stable equilibrium. The fitines) to  tures is dominated by sizeable gradients in the electron den-
these equilibriunR/Rg (points are shown in Fig. &), and  sity, which contrasts with the frequently used “homogeneous
on an enlarged scale at points B and D in Figa)5The slab” models. However, such sizeable density gradients are
corresponding (z) profiles are shown in Fig.(6). At point  expected from density functional calculations via square gra-
D (Tp=255°C), typical of region lll,R/Rg exhibits a broad dient approximations to Monte Carlo simulations for wetting
peak at lowq, as well as an increased intensity around transitions at hard wals®3%Inhomogeneous profiles have

A. Structure evolution off (I/I/v) coexistence: The B+B path
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also been observed experimentally in microscopically rethe wetting layer thickness due to a vanishing density con-
solved wetting transitions for systems dominated by longdrast or the increase of the influence of the criticality on the
range van-der-Waals interactioh® Clearly detailed inter- interaction potentials. 3’
pretation of the non-uniform density of the GaBi wetting Moreover the gravitationally imposed thickness limit on
films will require either a density functional analysis, or the on-coexistence wetting film to a length scale comparable
some other equivalent approach. Nevertheless, even a simg the range of the exponentially decaying short-range inter-
model approximating the wetting layer by a slab of thicknesgctions prevents testing the influence of long-range, van der
d allows a reliable determination of the surface potentialwaals'“ke atomic interactions on the wetting behaworth.at is
governing this complete wetting transition. In order to do so P'eSeNt regardiess of whether the system is metallic or
effective film thickness valued have been extracted from NOL" _ o _ _
Finally, we would like to highlight the unique wetting

the p(2) profile, using d=J2[p(2) pGaj”Ch]/[_pB"”Ch geometry encountered here: The subtle balance between the
~Pcaricnldz. Here zg is the top of the wetting film, and g tace potential that favors the Bi-rich liquid phase at the
Pirich» Pcarich &€ the electron densities of the coexistinggrface and the gravitational potential that favors the Ga-rich
bylk liquid phases, calculated from the phase diagtain. liquid phase above the denser Bi-rich phase, pins (thg

Figs. 2b) and 2c) we show plots of these-values versus jnierface between the two coexisting phases the Bi-rich wet-
bothT andA wr, . The insert shows the expected logarithmic ing film, 50 A thick, and the underlying Ga-rich bulk close
behavior and provides the valued=43 J/mol and ¢ {4 the free surface. It is this property that makes it possible to
=5.4 A for the amplitude and decay length of the short-gygy the structure of these wetting films. For example, the
range surface potentiak exp(~z/¢), dominating the wetting  non-zero width of the interface between that film and bulk,
effect™ Moreover, agreement between thg {uy)-behavior ;= is the reason why the Kiessig fringes vanish after the

along the patfD—B and the data for the path-AM pro-  2nd fringe. This will be discussed further in the following
vides an experimental proof that both paths have the samgction.

thermodynamic character, i.e. they probe complete wetting:
Aun—0, as predicted by Dietrich and Schitk. V. LIQUID /LIQUID INTERFACE

In this section, we discuss the microscopic structure of the
B. Structure evolution on (I/I/v) coexistence: The B+E path () interface separating the gravitationally limited, Bi-rich

The R/R curves measured along the on-coexistence pati/€tting film from the Ga-rich subphase, and its evolution
B— M are shown in Fig. @). The existence of two peaks at &0Ng the on-coexistence padh—E. We first describe a

low g, indicates the presence of a fully formed thick film simple square gradient theory for this interface and th?” ex-
(~50 A). The solid lines indicate the best fit results corre-tenOI It to |_nclud_e the effects of thermall_y_excned capillary
sponding to the real space profiles shown in Fign)6The waves. Using thls_theory .and our reflectivity measurements,
best fit value for the maximum density of the thick film, we extract thgl/l)-interfacial profile and thél/l) interfacial

plpsu=1.20, agrees well with the 1.21 calculated form thetension.
phase diagram at point B. )

These results are also reasonably consistent with the grav- A. Square gradient theory
ity limited thickness expected for a slab of uniform density. Assume that the concentration at th#l) interface
Using é=5.4 A, y,=400 mN/m and the known material changes continuously and monotonically from the bulk con-
constants that make ypy, (see Table | belowthe calculated  centration of the homogeneous Bi-rich phase to the bulk
value for d=dg= éIn(yo/Aug) =15.66=85 A. In view of  concentration of the homogeneous Ga-rich phabepver a
the fact that this estimate does not take into account thgngth scale which is much larger than the intermolecular
excess energy associated with concentration gradients acragistance. The excess free energy for the inhomogeneous re-
the interfaces some overestimationdyf is not too surpris-  gion can be then expanded in the local varialiés) and
ing. Nevertheless, this rough calculation does show that the,7c(F)_16 The Gibbs free energy density cost within the in-
wetting film thickness is expected to be on a mesoscopigerface can then be expressed in terms of a combination of a
rather than on the macroscopic length scale that has beegcal function g[c(f,T)] and a power series in
observed for similar wetting geometries in systems governes/ ¢(r),16:40-42
by long-range, dispersion forcés.

Upon cooling from point B to E, the intensity of the first ~
peak of R/Rg increases as expected due to the gradual in- G:NL
crease of the electron density contragpg,, that follows
from the increase in the Bi concentration in the bulk phasewhereN is the number of molecules per unit volume. The
Similarly, there is a small shift in the position of the peak first term in the integrandg[c(r,T)], is the Gibbs free en-
indicating that the thickness varies slightly from 53 A near Bergy density of a volume elemedV at a positiorr within a
to 50 A near E. This results from tiE-dependence of the homogeneous solution of concentratioff,T). The second
density contrastAp,(T) as estimated from the bulk phase term is the leading term in the power series expansion. The
Apn(T) listed in Table I. The on-coexistence path-HE is  coefficientx is called the influence parameter and character-
too far away from C to expect more pronounced effects orizes the effect of concentration gradients on the free energy.

g[C(F),T]-F%K[VC(—W)]Z-F o dVv, (2
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can be regarded as the Landau-Ginzburg functional for this
problem.

We neglect for now surface-parallel concentration varia-
tions and apply Eq(2) to the surface-normal compositional
profile c(z) of the interface. Moreover, we assume that the
concentration variations alorare small enough in order to
justify a truncation of the power series after the second order
term, (Vc)2. This assumption leads to the square gradient
approximation. The Gibbs free Energy of the system per unit

area A ,G/A, is then given by

& (e
KZNf

2
dc(z)) dz. 3)

2
olc(2)]+ 51—

—oo

The interfacial tensiory, is defined as the excess energy per
unit area A of this inhomogeneous configuration over the
Gibbs free energ¥ of the homogeneous liquid of either one

of the coexisting phases. Choosing the reference system as
the homogeneous Bi-rich liquid where the concentration is
c', the surface tension can be written as

L L 1 1 L L L
.0 02 04 06 08 10 12 14

- 1
% n=x8le(2)]-G(c)]. @
§pErerzerrrrreseaet Within the square gradient approximation E§) this defi-
i (b) T (°C) T nition of vy, yields:
r 2400
i - . —NJMA +1 OIC(Z)zd 5
el B I w=N| gle(@) ]+ 51| 5 z, 5
= 2350 | where the grand thermodynamic potentia(c) is given by
S5t R
5 | : Ag(c(z))=g[c(2)]-g(c). (6)
c{’4 L . It follows then from Eq.(5) that the interfacial tension is a
} L 2300 4 functional of the concentration profilg(z) at the interface.
3 The equilibrium surface tension is obtained by minimizing
i . this functional, which leads to the Euler-Lagrange equation
2
°F Agle()]=x 2 @
c(2)]=
- g a7
1t This differential equation, with the boundary conditions of
i c(z)=c' on one side of the interface amfz)=c" on the

0 b other, determines(z) uniquely. Direct integration yields:

20 4}(3 60 80
Z c
( ] z(c)=zy+ Jc \/—Agk(c)dc, ()

FIG. 6. () T-dependent, Fresnel-normalized reflectivities R/R
measured on the on-coexistence path B along with their model \yherez, andc, are arbitrarily chosen origins for the position
fits. The error bars are smaller than the size of the symbols. Dasheg}, the composition. Note that the integrand in &y.indi-
lines indicateR/Re=1. With increasingl, eachR/Ris shifted by  catag that any characteristic length scale, e.g., the intrinsic
1.'2'.(b) Electron o_|en3|ty_proflle3/psubcorresponang_ to _the model width of the interfacial profileg,,, must scale agk. This
fits in (a). All regions with p/p¢,;>1 (gray shadingindicate en- result will be discussed furthermitlr"l' Sec. VB
richment by Bi relative to the Bi concentration of the Ga-rich sub- AN attractive feature of this theory. is that it relates the

hase. . . . . N
P interfacial concentration profile te andg[c(r,T)] regard-
From first principles, it is related to the second moment ofless of the theoretical basis by whighc(r,T)] is derived.
the Ornstein-Zernike direct correlation function and can béNe use here the extended regular solution model, presented
replaced by the pair-potential-weighted mean square range @f the Appendix, to model the homogeneous free energy of
the intermolecular interactions of the systéhEquation(2)  the binary liquid metal, particularly that used to model its
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TABLE I. Material parameters for the coexisting liquid phases as calculated from the bulk phase diagram
and from the electron density profiles obtained from our fits to the mea&iiRdat selected temperatures
T along the on-coexistence path-B=. The atomic fraction of Ga in the coexisting Bi-rich and Ga-rich liquid
phases are' andc", respectivelyp/pg,{calc) andp/pg,{0bs) denote the calculated and observed electron
densities relative to that of the bulk.

T(°C) c c' Ap m  plpsifcalc)  plpsuf0b9) e dg d T obs O calc

225.0 0.39 091 2.30 1.24 1.25 0.0498 84.7 50 11.78 12.0
230.0 0.41 0.90 2.20 1.24 1.25 0.0499 849 51 14.2 13.3
235.0 0.43 0.89 2.09 1.22 1.22 0.0500 85.2 52 15.0 14.9
240.0 0.45 0.88 1.95 1.21 1.21 0.0502 855 53 17.5 17.25

miscibility gap. The sole quantity required to calculate thetion is sufficiently high then qmin=m/L, where L2

(IN) interfacial profile and tension in that case is the influence= 7[1[(920(2)/(922]_ Otherwise, 0, is determined by the
parameterx.*® The influence parameter can be extractednstrumental resolution agyin=AGes= /L es Where AQres
therefore, from a fit of the theoretical expression to the meays the projection of the detector resolution on the plane of the
surgd profile. In partlcular, a choice of a particular vglue Ofinterface, andL . is the corresponding length scale over
«, yields, through a solution of E¢7) or Eq.(8), a particu-  which the surface fluctuations can be resolved. In our case
lar pr(_)flle characterized by an intrinsic widdh, , the valu.e Ores IS significantly larger thang, therefore, dyin="0res

of which can be compared directly with the measured inter—g g4 A

I and discussed in more detail in Sec. V C below. yielding an error function type profile for the average inter-
facial roughnes® The intrinsic profilesc(z) are also well
B. Capillary wave excitations at the(l/l) Interface described by error function profiles. Thus, the two contribu-

The formalism presented so far relies on a simple meanions to the interfacial width can be added in quadraffire,

field picture that neglects any thermal fluctuations at(the ~ Yi€!ding a total interfacial widthgcy:

interface. By contrast, a real experiment is sensitive not only

to the intrinsic finite width of the interface, but also to its 2= Uintr(K)2+(Tca;{ (k)12 (10)
additional temperature-dependent broadening by thermally

excited capillary waves. An intuitive, semiphenomenological

approach to handle the interplay between the two contribu- Since bothoyy, and oc,, depend ork, its value is deter-
tions to the interfacial width was developed by Buff, Lovett, mined self-consistently by the requirement that,. agrees
and Stillingert®'° They regard the interface as a membranewith the experimentally determined roughnesg.

under tension characterized by a “bare” interfacial energy
v, calculated in the previous sub-section. This membrane
sustains a spectrum of thermally activated capillary wave
modes the average energy of which is determined by the We carried out a self-consistent calculation offor the
equipartition theorem to blesT/2. Integration over the cap- observed(l/l) interface at point E, where,,{E)~12 A.
illary wave spectrum yields the average mean square disFhis was done by first solving the Euler-Lagrange Equation
placement of the interfac@.e. the r.m.s. amplitude of the (7) (Ref. 47 which yields the intrinsicc(z) profile as de-

C. (M) intrinsic profile and interfacial tension

capillary wave§, oy, as’ ™" picted and compared with an erf-profile in Figay From
that we calculated the corresponding intrinsic interfacial
»  kgT Omin 9 width o,(E). Using the intrinsicc(z) profile we numeri-
"cap_4777”(,<) anax' ©) cally integrate Eq(5) to obtain the interfacial tensiop(E),

and from that, using Eq(9), we obtain the corresponding

Hereq,. is the largest capillary wave vector that can becapillary-wave-induced roughness,,. The total width
sustained by the interface. For bulk liquids this is typically of Tintr IS then calculated from Eq10). Starting with a reason-
the order ofw/molecular diameter. Note, however, that it able value of« , as judged by a scaling analysis of Ka@),
does not seem realistic to consider excitations with wavethis procedure was iterated untilocydE) = oopd E)
lengths smaller than the intrinsic interfacial widdn,,,, as Was obtained. This procedure yieldee,,=5.02< 10" *°
surface capillary wave¥:%® Thus, the upper cutoff of the NmM*/mol, o, E)=10.32 A, ¢jno(E)=6.35 A andy,(E)
capillary waves can be taken gg.,= 7/ oy . The determi- =3.3 mN/m.
nation ofq,,;, is slightly more complicated since it depends ~ Note that Eq.(7) implies thatoq, = \/x, whereas Eq(9)
on whether the resolution is high enough to detect the longmplies that ocq* 1/Jk. Hence,oyd k) should exhibit a
wavelength limit at which an external potentiglz), such as  minimum for o, at some characteristic value,. The
either gravity or the van der Waals interaction with the sub-x,y determined from our measurements corresponds to this
strate, quenches the capillary wave spectrum. If the resolypeculiar valuek,,,. This means that the system “selects”
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T T T 30 T T T T T
09
0.8
0.7 %,
< 06 5
g
05 G .-
- e L
04 SET° .
-20 -10 0 10 20 0 , , , , ,
z(A) 20 25 230 235 240 245 250
1-0 T T T T T T T T T T T T(oc)
09 (b) _ T FIG. 8. Comparison of the temperature dependent measured in-
08 F /--"""'.'.' ....... i terfacial widtho (M) with the calculated interfacial widthgines):
1 R Y Ocalc= \/G'izntr+ Uczap (solid) , intrinsic width oy, (dash-dotteg and
07k capillary width o, (dasheg
. - TCC) t
© -‘--‘ . ¥ {of .
R _%(2)08 8'82 T pretation presented here for our measurements. Unfortu-
05k T R 2EC 005 - nately, direct measurements gf(T) are rather difficult and
T - e 2 246°C 0.03 we are not aware of any such measurements for Ga-Bi in the
041 <= 254°C 002 - literature. It is, however, possible to estimajg(T) indi-
N 238C 0.01 rectly, using other experimental data on this alloy. For ex-
150-120 90 60 30 0 30 60 90 120 150 180 ample, Predéf noted that in the vicinity of the critical point
z(A) C the(I/l)-coexistence curve of Ga-Bi can be represented by

|p— d| =K(T.—T)? with B~0.33, whereg is the volume

FIG. 7. () Calculated intrinsic profilec(z) (solid line) at T fraction of either Ga or Bi ani is a constant? This behav-
=Tg=225°C ¢=0.07) approximated by an error-function profile ior suggests that the demixing transition in Ga-Bi belongs to
(dashed ling c(z)=(c'+c"/2)+(c"—c")/2 er{z/ 20y (E)], the same universality class as nonmetallic binary liquid mix-
with o (E)=6.35 A. (b) Calculated intrinsic concentration pro- tures, i.e. to the Ising lattice model with dimensionality
files c(2) for the temperature$ (and corresponding reduced tem- D=3, Moreover, it indicates that the two-scale-factor univer-
peratureg) listed in the figure. sality (TSFU) (Ref. 48 theory should be valid for our sys-
tem, which allows us to estimate tlil#l) interfacial tension
from scaling relations. Using this concept along with avail-
able T-dependent measurements of the specific heat, Kreuser

from all possible @i, 0cay COmMbinations the one which
renders the overall width of th@/l) interface minimal(see
Fig. 8.

Assuming aT-independent influence parameter and using 30

the thermochemical data available for a large part of the

phase diagram, th&-dependent interfacial profiles aritl) sk i
interfacial tension can be calculated from a very low to a

very highT, close toT.. The intrinsic(l/l) interfacial pro- — 20} _
files calculated this way are plotted in Fighby for selected £ :

T's versus the reduced temperature,|7— 7|/ 7¢ (Here and é 15 T
in the following 7 denotes the absolute temperature in Kelvin & '

units). The increase in the width of the interface upon ap- & 1or i
proachingZ: (t—0) is clearly observed. The predicted rise = sl |
of o.ac Over the investigated range, however, is rather

small, just beyond the error bars attributed to the measured ol ¥ty _
Oops- This precludes a more detailed quantitative analysis. : 1. . . .

0.0 0.1 02 0.3 04 0.5

Nevertheless, our measurements suggest an increasgof .

while increasingTl in agreement with our model. The calcu-
latedt-dependence of the interfacial tension are in very good FiG. 9. The(l) interfacial tensiony, of Ga-Bi vs the reduced
agreement with the experiment as shown in Fig. 9. As extemperaturet, as calculated from our measurements using the
pected,y,(T) vanishes as—0. square gradient theorgsolid squares plus solid lineThe dashed

Comparison of they,(T) values derived above with inde- line is the TSFU prediction for Ga-Bi. The gray strip illustrates the
pendent(preferably direct measurements of this quantity error in the TSFU predictiotRef. 49. The symbok,, indicates the
would constitute a stringent test for the validity of the inter- monotectic temperature &j(Ga-Bi)=0.08.

085409-9



HUBER, SHPYRKO, PERSHAN, OCKO, DiMASI, AND DEUTSCH PHYSICAL REVIEW &8, 085409 (2003

70 — r r r . that the rigid wall assumption is a reasonable approximation
wl .o for our system. Furthermore, the calculation presented above
. assumes d-independent influence parameter While the

50} . . agreement shown in Fig. 8 supports this assumption in our

ol ) -~* | case, this may not be necessarily true for real fluids for all
g ,‘/ temperatures. In fact, the theory predicts that for real flaids
% 30t ’/ 1 diverges forT—T¢ as k~(T—To) %2 a divergence nec-
= ol ’/ | essary in order to obtain the correct scaling behavior of

’/ yi(T) near C3#-6
10} -
ot /’/ . i :
0.0 0.1 0.2 03 04 0.5 VI. WETTING PHENOMENOLOGY AT THE FREE
SURFACE

FIG. 10. Calculatedl/l) interfacial tensiony, of Ga-Pb as a A. Effects of fluctuations on short-range wetting

function of the reduced temperatureThe solid points are our cal- Our analysis in Sect. Il of the complete wetting transition
culated values. The dashed line represents a fit to the measuremegiis B was based on a mean-fie(MF) model for a SRW

of Merkwitz et al. (Ref. 51. The symbol, indicates the monotec-  transition. This model accurately predicts the critical behav-
tic temperature aty(Ga-Pb)=0.33. ior (i.e. the critical exponentsof systems close to a phase
transition, only if fluctuations can be neglected. For SRW
transitions, however, it can be shown that the upper critical
dimensionalityD ,=3.°" The valueD,, is the dimension be-
yond which MF theory can be applied successfully. If the
{jimension is smaller thab, fluctuations are important and
one has to resort to renormalization groigs) methods to
gescribe the critical behavior. For SRW, the upper critical
dimensionality is exactly 3, implying that a two-dimensional
surface is expected to deviate from the MF behavior. Thus,
the SRW transition has received a great deal of theoretical
attention, since it allows one to explore the regime where the
MF behavior breaks down due to fluctuations, and the RG
D. (I71) interfacial tension of Ga-Pb approach becomes applicable. This break-down depends on

Aside from the Ga-Bi system, the Ga-Pb mixture is thethe so-called fluctuation parametes=Kkg-77(47y, &),
only other metallic system for which detailed temperaturewhere &, is the bulk correlation length, angl, is the (/1)
dependent measuremetitand estimation® of the (I/1) in- interfacial tensionw measures the magnitude of the domi-
terface are reported in the literature. Given the similaritienant thermal fluctuations at the unbinding interface. These
between Ga-Bi and Ga-Ptsimilar constituents, identical are in our case the thermally induced capillary waves at the
phase diagram topology with a consolute point C and dl/l) interface of the coexisting Bi- and Ga-rich liquids.
monotectic point M, it is reasonable to assume that our gra- The RG analysis of the wetting transition yields the same
dient theory should be applicable to this binary system agogarithmic divergence for the wetting layer’s thicknesas
well. Moreover, the influence parametet, determined here the MF analysis, discussed in Section Il above. The
for Ga-Bi, should be a reasonable approximation fopf ~ only change is in the prefactor: drg~érg(1
Ga-Pb. Published thermochemical data for the miscibility+ /2) In (L/Aw).>%>°Using the bulk correlation lengtfg,
gap of Ga-Pb(Ref. 53 allowed us to calculate the estimated from the TSFU analysis above, yields for the wet-
t-dependentl/) interfacial tensiony, , shown in Fig. 10. An  ting transitions at Mwy=0.3+0.2 and for the observed
excellent agreement is observed between these calculatioasmplete wetting transition at Big=0.4=0.2. Thus, the
and the measurements of Merkwiz al>* prefactors of the logarithmic divergence law within the RG

Overall, these results suggest that our model of an intrinapproach change at these points by orlyl0% and 20%,
sic, mean-field interface of a non-zero width broadened byespectively, from their mean-field values. This is well within
capillary waves describes tii#l) interface reasonably well. our experimental error of about 30% for the determination of
One must, however, bear in mind the approximations im-£.%® We conclude therefore that a clear distinction between
plicit in the analysis presented. For instance, we have aRG and MF behavior cannot be drawn in our case.
sumed that the free surface of the liquid alloy behaves like a A critical wetting transition, where the wetting film
rigid wall, whereas in practice it has its own spectrum offorms, with a similar value ofw, at on{l/l/v)-coexistence,
capillary waves that could be coupled to the capillary wavesather than afl,|)-coexistence only, should show a more pro-
at the(l/l) interface. However, since the interfacial tension ofnounced deviation between MF and RG behaviors. Thus, we
the free surface is about two orders of magnitude larger thanow proceed to estimate the characteristic wetting tempera-
the (I/1) interfacial energy in this metallic system, we believe ture T, for that transition.

and Woermann extracted an expression for Thadependent
interfacial tension in Ga-B{Ref. 49 y,s= Y0 t*, Whereu
~1.26 is a critical exponent for the bulk demixing transition,
and y,sg= 66+ 15 mN/m. The correspondingdependenty,g

is plotted in a dashed line in Fig. 9. A very good agreemen
is observed with thé-dependence of; as calculated from
our square gradient theory, considering the error bar of ou
results, shown by the gray strip. At point E, for example,
where tg=0.07Tz=225°C we obtainy(E)=3.31 mN/m,
while y,s(E)=2.3 mN/m>°

085409-10



SHORT-RANGE WETTING AT LIQUID GALLIUM-. .. PHYSICAL REVIEW B 68, 085409 (2003

B. Critical wetting transition in Ga-Bi result, the change in concentration across the I/l interface is
smaller for the GaBi system than for the others. In view of

It follows from our measurements that the critical wetting
the fact that one can express

transition has to be hidden in the metastable range of th
(IIiv) coexistence line somewhere beldy; . An estimation dc(2)\2
of 7y is possible by considering the spreading ene@y7), Y= Kf dz( ) ~k(Ac)? (12)
which measures the free energy difference between the wet dz

(Bi-rich wetting phase at the surfacand the non-wetGa-  this suggests thay, could be expected to be smaller for
rich phase at the surfacsituations at any temperature. Since Gap; than for the others. If this effect is important, and if it
of the non-wet situation by the existence of an extra liquid-yajye ofI", then it is possible tha®(Z)=T—y,>0 for all
liquid interface,®(7) can be written as temperatures, thereby precluding a wetting transition.

O =I(T)— (7 (11 C. Interplay between tetra point wetting and surface freezing

We would like to point out that the observed wetting of
wherel'(7) = y(Ga-rich),(7) — y(Bi-rich),,(7) is the differ-  the surface at the GaBi monotectic point by the Bi rich liquid
ence between the bare liquid-vapor surface tensigp€7),  is not necessarily the only phenomenon that can occur. In
of the two coexisting liquids. From this definition @(7) it principle one expects at this tetra point a wetting phenom-
follows that the formation of the wetting film is energetically enology similar to or even more diverse than that predféted
favored for ®>0 (wet-situation, whereas for® <0 it is  and found® in the proximity of a triple point in one-
unfavorable (non-wet situation The condition ®(7)=0  component systems. For example, it is also possible for the
marks, therefore, the transition temperatdig, where the surface to be wet not by the Bi-rich liquid, but by another
system switches on-coexistence between the non-wet anghe of the coexisting phases, the solid Bi. In the bulk both
wet situations. solid Bi and the Bi rich liquid are stable faF>T,,; how-

To estimate®(7), we need in addition tay(7), which  ever, forT<T,, the free energy of the Bi-rich liquid is larger
was obtained in the previous section, also the values ofhan that of solid Bi. Consequently, if the solid Bi surface
y(Ga-rich),(7) andy(Bi-rich),, (7). Measurements of these phase had a positive spreading energy it would certainly wet
quantities are reported in the literatie?*the most recent the free surface foT<T,,. In fact, on the basis of optical
one of which is that by Ayyad and Freylafit?® employing  and surface energy measurements Turchagial. and
the noninvasive method of capillary wave spectroscopyco-worker§®®” proposed a surface phase diagram for which
From these measurements, we get a conservativg surface frozen phase of solid Bi forms at the free surface of
7-independent estimate fdr of the order of 100mN/m. Our  the GaBi liquid for temperatures beloW,. Unfortunately,
calculation of y(7), particularly its extrapolation towards we have several problems with this suggestion. The first
very low temperatures,t—1, which vyields ,(OK)  problem may be purely semantic, but the idea of a “surface
=75 mN/m, indicates that it is always significant smallerfrozen phase” originates in the experiments in Refs. 68 and
thanI'. Our analysis suggests, therefore, tREtZ7)>0 for 70 on the appearance of solid surface phases at temperatures
all 7. This, in turn, supports the conclusion thad critical ~ above that of bulk freezing for alkanes and related com-
wetting transition occurs on the metastable extension of theounds. For the GaBi system the crystalline phase of bulk Bi
(IIiv) coexistence line. is stable at temperatures well above those at which Turchanin

This remarkable conclusion is, on the one hand, in conet al. made their observations. We believe that if their obser-
trast with the experimental observations in the few binaryvations do correspond to thermal equilibrium phenomena,
metallic wetting systems studied so far. In Ga-Pb and Ga-Tlthe effect would be more appropriately described as wetting
Wynblatt and co-worker$>? estimated a value fofy, sig-  of the free surface by solid Bi. The second problem is that it
nificantly below the corresponding monotectic temperatureseems unlikely that surface wetting by solid Bi is favored by
Ty, but still at final values of the order of 0.3; and 0.2 the spreading energy. If wetting by solid Bi were favored, as
-Tc for Ga-Pb and Ga-Tl, respectively. On the other hand, iimplied by Turchaniret al, then the wetting layer of Bi-rich
reflects the general finding that in binary metallic systemdiquid, the subject of this paper, would have to be metastable,
with short-range interactions the critical wetting transition existing only because of a kinetic barrier to the nucleation of
occurs at significantly lower temperatures than in organiche solid wetting film. In fact we have regularly observed
liquid systems, wher@y, is found to lie above 0.8/-. The that on cooling belowT,, the original fluid, smooth, highly
estimates above indicate that this tendency seems to beflecting surfaces became both rough and rigid. The effect is
driven to its extreme in the case of Ga-Bi;,=0-7:=0K. exacerbated by the presence of temperature gradients and by

A semiquantitative argument for the absence of a criticarapid cooling. We interpreted this as the formation of bulk
wetting transition in Ga-Bi as compared to the two othersolid Bi, rather than wetting, since we never saw any direct
metallic systems investigated so far might relate to the facevidence for the formation of films, rather than bulk Bi. We
that in comparison with the others the liquid/liquid coexist- argue that if there is not enough time for the excess Bi in the
ence region for GaBi system is significantly shifted towardsbulk liquid phase below the surface to diffuse, and precipi-
the Ga-rich, high surface tension end of the phase diagramate as bulk solid Bi at the bottom of the liquid pan, the bulk
and, in addition, the miscibility gap is much narrower. As aliquid would simply undergo bulk spinodal phase separation.
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This is consistent with our observations. Unfortunately it isthe influence parametet, as determined from our measure-
very difficult to absolutely prove that our films are stable andments on the(l/l) interfacial structure in Ga-Bi, was also
this issue cannot be resolved from the existing evidenceapplicable to Ga-Pb and, using the thermochemical data sets
Nevertheless we find it difficult to understand why solid Bi available for Ga-Pb, we obtained good agreement between
would wet the surface fof <T,, and not wet the surface as our calculated values and macroscopic measurements of the
T approached, from above. (IN) interfacial tension. This suggests that the value of the
influence parameter extracted in this study might provide a
reasonable value for a larger class of binary metallic alloys.
VIl. SUMMARY If this proves to be true, the values determined here can be

Here we reported x-ray reflectivity measurements of theised, a_Iong with the surface potential, to predict the wetting
temperature dependence of wetting phenomena occurring Bfoperties of this larger class of systems.
the free surface of the metallic binary liquid alloy Ga-Bi
when the bulk demixes into two liquid phases, i.e., a Bi-rich
and a Ga-rich liquid phase. The measurements allowed a
determination of the temperature dependence of the thick- \We thank Professor S. Dietrich and Professor B. |. Halp-
ness and interfacial profile of the Bi-rich wetting films that erin for helpful discussions. This work is supported by U.S.
form at the free surface of the liquid on approaching theDOE Grant No. DE-FG02-88-ER45379, National Science
(iv) coexistence triple line, i.e., along a path of completeFoundation Grant No. DMR-0124936, and the U.S.-Israel
wetting. The results show large concentration gradients inBinational Science Foundation, Jerusalem. B.N.L. was sup-
agreement with density functional calculations for such tranported by U.S. DOE Contract No. DE-AC02-98CH10886. P.
sitions at hard walls. The measurements allowed us to deteH. acknowledges support from the Deutsche Forschungsge-
mine the short-range surface potential that favors the Bi-rictmeinschatt.
phase at the free surface and hence is governing the wetting
phenomenology. The short-rangemplete wettingransition
turns out to be only marginally affected by thermal fluctua- APPENDIX: BULK THERMODYNAMICS

tions. According to renormalization group analysis thi- Here, we focus on the part of the phase diagram domi-

cal wetting transition should be more sensitive to critical nated by the miscibility aap and the monotectic point M. In a
fluctuations; however, according to our analysis the wettinq. > by £ Y gap . P :
iquid-liquid (/1) coexistence of a binary systems, made up

layer of the Bi ”Ch liquid s;_hould be pres.er!t ‘T"t all temperg-of a fixed number of moles of Ga and Bi at a constant atmo-
tures, and no wetting transition exists. This is in contrast with

the results obtained for the two other binary liquid metaltherIC pressurp a’?d _temperatlljréﬁ the compositions;,
systems which were studied. For these the wetting transitiof Of the two coexisting bulk liquid ph.ase(sl; and 1)) are
were concluded to exist, but could not be observed directl)g'ven by the thermodynamic conditions:
since the metastable l/l/v line falls below the liquidus line.

The largest thickness of the gravitationally limited Bi rich wed T=ued T wii( D= um(T), (A1)
wetting layers that formed at the free su'g‘facélbllv) coex-
istence were typically of the order 650 A. As a result of . . . .
the fortuitous balance between the surface potential that faV—Vhere'“ IS the_chem|cal potential. The Gibbs free ene@y
vors the Bi-rich Phase and the gravitational potential WhichOf the system is
favors the lighter Ga-rich phase the interface dividing the
two coexisting phases is sufficiently close to the free surface G=U-T75+PV, (A2)
that x-ray reflectivity was sensitive to its microscopic struc-
ture. Our measurements were interpreted within a Landau-
type square gradient phenomenological theory from which it G=ng=nNgauca™ NiLts;- (A3)
was possible to extract the sole free parameter of that model,
i.e. the influence parameter To the best of our knowledge Since the total number of mols=ng,+ ng; is constant and
this is the first time that such a parameter has been direCtIMr‘"y two Components have to be Considered’ the System can
determined from measurements. Furthermore, it was possiblgs expressed in terms of a molar Gibbs Free Eneyty,7),

to distinguish between the intrinsic width of the interface andyhich depends only on the molar fractianof one of the
the extra broadening due to thermally-excited thermal capilzcomponents:

lary waves. Making use of published bulk thermodynamic

data, along with the extracted influence parameter, we were

able to calculate thé/l) interfacial tension for a wide tem- G=n(Cugat(1—C)ug) (A4)
perature range. This quantity is extremely difficult to mea-

sure directly, and is not available for Ga-Bi. As a test of our

methods we performed the same calculation for (tHg in- =9(¢c, ) =Cucat (1-C)usi- (AS)
terfacial tension in Ga-Pb mixtures, which has a very similar

phase behavior to that of Ga-Bi, and for which i) in-  With this notation the phase equilibrium conditiof&q.
terfacial tension is available in the literature We assumed thaiA1)] transform into the following two equations:
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ag ag TABLE Il. Redlich-Kister polynomials used to model ttikl)
—| == miscibility gap of Ga-Bi(Refs. 15 and 72
Jc ol Jc ol
| | v Redlich-Kister polynomial L(T)
d c)—gl(c
—g = —g( )—9(c) (AB) 0 80 000-3389%+7
ac| cl—cl
c 1 —4868-2.43427T
Having a model for the free energy of a binary system, it is 2 —10375-14.127T
possible, then, to calculatg andc,, of the coexisting phases 3 —4339.3
by solving Egs.(A6). The standard approach to the descrip- 4 2653-9.417
tion of a miscibility gap in a binary demixing system is the 5 —2364

regular solution model for the Gibbs free enefgyhe re-
sulting miscibility gap has a symmetric shape and is centered

around the consolute point;;= 0.5 in the €,7) plane, quite  responds to the entropy of mixing for an ideal solution, and
in contrast to the miscibility gap of Ga-Bi which has an the third term,Ag,s is the so-called excess energy term,
asymmetric shape, and is centered aroopg=0.7 in the  \yhich is expressed here by a sum of Redlich-Kister polyno-
(c,7)-plane. It is necessary, therefore, to resort toean  pigis L (7), listed in Table IIl. By solving the nonlinear
tendgd regular solution r'nt_)(_del'. Relying on data sets forequations(AG) for g(c,7) in the temperature rangBy<T
Ga-Bi from Fhe Qalphad |n|t|at|.vé? we use a model based <262°C we calculated the binodal coexistence line plotted
on the Redlich-Kister polynomials,(7) (Refs. 72 and 78 in Fig. 1. The agreement of the calculated phase boundaries

and expresg(c,7) as with Predel's measured phase boundaries is excellent. In par-

g(c,i=c-go(Ga)(c,7)+(1—c)-go(Bi) ticular, the measured consolute point TcE262°C, Cit
=0.7) is very well reproduced by the calculated critical val-
+R-T[cIn(c)+(1-c)In(1—c)]+Agmx(c, D), uesT.=262.8°C and=0.701. Furthermore, onagc,7) is

(A7) known the binodal lines can be extrapolated belbyinto
the region of the metastab(&l) coexistence, and obtain in-
formation on the energetics of the metastable Ga-rich and
Agmix(c, T)=c(c—1) >, L,(7)(1-2c)". Bi-rich phases. We have also calculated the phase boundaries
vl belowT,,, following the procedure detailed above. For this
The first two terms correspond to the Gibbs energy of ave used the Gibbs free energy data of pure solid Bi, which
mechanical mixture of the constituents; the second term cooexists forT <T,, with a Ga-rich liquid.
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